Abstract Anti-CD3 mAbs may prolong β cell function up to 2 years in patients with new onset Type 1 diabetes (T1DM). A randomized open label trial of anti-CD3 mAb, Teplizumab, in T1DM was stopped after 10 subjects because of increased adverse events than in a previous trial related with higher dosing of drug. Teplizumab caused transient reduction in circulating T cells, but the recovered cells were not new thymic emigrants because T cell receptor excision circles were not increased. There was a trend for reduced loss of C-peptide over 2 years with drug treatment (p = 0.1), and insulin use was lower (p b 0.001). In 4 drug-treated subjects followed up to 60 months, C-peptide responses were maintained. We conclude that increased doses of Teplizumab are associated with greater adverse events without improved efficacy. The drug may marginate rather than deplete T cells. C-peptide levels may remain detectable up to 5 years after treatment.
The goal of newer therapies for treatment of Type 1 diabetes (T1DM) is to arrest the autoimmune destruction of β cells for an extended period of time without the need for continuous immune suppression. FcR non-binding anti-CD3 mAbs are thought to attenuate destruction of β cells in T1DM over the first 18 months to 2 years of the disease when they are administered at diagnosis, but the duration of this effect of a treatment dose and the mechanism of action of anti-CD3 mAb are not known [1] [2] [3] . In two previously published randomized trials that enrolled approximately 120 subjects, a single course of treatment with two different FcR nonbinding anti-CD3 mAbs was shown to improve insulin production for 18 and 24 months after diagnosis [1] [2] [3] . In our previous study, glycated hemoglobin levels were also improved, suggesting a benefit of drug treatment in glucose control whereas in the study of Keymeulen et al., clinical management was aimed at maintaining similar glucose control in the control and drug-treated subjects to avoid any differential effect of glycemic control on β cell function [3] . Despite these differences, both studies demonstrated significantly reduced insulin usage with drug treatment.
The mechanism(s) of action of FcR non-binding anti-CD3 mAbs are not clear. It is possible that the mAbs deplete effector T cells, similar to the mechanisms attributed to Rituximab (anti-CD20 mAb) or Alemtuzumab (anti-CD52 mAb), whereas preclinical studies and preliminary human data suggest that immune regulation is involved [4] [5] [6] . Rather than elimination of circulating T cells, some studies have suggested that the modified anti-CD3 mAbs cause margination rather than depletion of T cells, possibly as a result of Tcell activation in vivo, but the source of recovering T cells after anti-CD3 mAb has not been addressed [7, 8] .
We initiated a trial of anti-CD3 mAb, teplizumab (formerly called hOKT3γ1(Ala-Ala)), for treatment of patients with new onset T1DM, and enrolled 10 subjects -6 were randomized to drug treatment and 4 to the control group. This trial was subsequently closed to enrollment after the initial 6 drug-treated subjects experienced a higher rate of adverse events (AEs) compared to our previous study with the drug [1, 2] . The increased rate of AEs was the result of higher dosing than the previous regimen related to a change in manufacturing. Although no further subjects were enrolled in the study after the initial 10, we followed the drug-treated subjects for up to 5 years after the single course of mAb treatment. This inadvertent increased dosing allowed us to determine the impact on safety and possible efficacy as compared to our previous experience with the drug.
We found an increased frequency of AEs with higher doses of the anti-CD3 mAb. The drug caused a reduction in the number of circulating lymphocytes but there was a rapid recovery of cells without an increase in the levels of T cell receptor (TCR) excision circles (TRECs) a marker of recent thymic emigrants [9, 10] . A single course of treatment with anti-CD3 mAb attenuated the rate of loss of insulin production for 2 years after onset of T1DM and there is evidence of continued preservation of insulin secretion for up to 5 years after treatment in the drug-treated subjects. Further studies with long term follow up of additional subjects will be important to determine the impact of drug treatment on the natural progression of the disease.
Methods

Study design
10 subjects were recruited within 6 weeks of diagnosis of T1DM for a randomized, open labeled phase IIb trial of teplizumab(NDB01, ITN007AI) (Table 1) [2, 11] . The original study design was a 2:1 drug:control randomization. The drugtreated subjects were to receive 3 cycles of teplizumab, 6 months apart, in order to determine whether a 2nd and 3rd course of mAb treatment would improve the duration of effects of mAb treatment on C-peptides responses to a mixed meal at two years. The protocol was approved by the institutional review boards at each participating center. All subjects were either anti-GAD65 or anti-ICA512 autoantibody positive. The 6 drug-treated patients were hospitalized for 5 to 14 days. The drug was administered intravenously over 30 min using the following dosing scheme: day 1: 460 mcg/ m2, day 2: 919 mcg/m2, and days 3-12: 1818 mcg/m2. All drug-treated subjects were observed with frequent vital signs for 6 h after each infusion. AEs were scored using the National Cancer Institute Common Terminology Criteria for Adverse Events.
The frequency and severity of AEs was greater in the subjects receiving anti-CD3 mAb as compared to that in a previous study of the same mAb [2] . These findings prompted a study hold, and studies of the drug and dosing regimen. The enrolled subjects randomized to drug treatment did not receive subsequent courses of anti-CD3 mAb. The characteristics of the antibody preparation from the first two studies were compared in biochemical analyses, and no significant differences were noted (data not shown). From an extensive review, it was determined that the effective dose given to subjects in this study may have been approximately 40% greater than the dose used in our previous study. The initial drug lots used in the prior study were packaged in snap-off glass vials, and the drug was passed through a filter prior to infusion into the subjects to remove potential shards. However, for this study, drug was placed in vials closed with a rubber seal. Following reconstitution, it was not passed through any filter prior to patient infusion. The drug dose actually administered previously was 40% lower based on measurement of protein concentration by A 280 . The investigators determined that this change in manufacturing was the likely explanation for the differences in anti-CD3 mAb concentration between the two drug preparations. The enrolled subjects were followed until the predefined endpoint of 24 months: C-peptide responses during a 4 h mixed meal tolerance test (MMTT), insulin use, and hemoglobin A1c levels were measured every 6 months. All subjects received intensive diabetes management with glycemic targets as defined by the American Diabetes Association [12] . At month 24, all subjects were offered an extended follow up for up to 5 years -4 of the 6 drug-treated subjects agreed to this extended follow up. One of these subjects withdrew from the follow up after 2 visits.
Mixed meal tolerance tests (MMTT)
The MMTTs were performed as described previously [1] . This test was performed at study entry and every 6 months until 24 months and every 9 months between months 24 and 60.
Subset analysis, coating and modulation of CD3, and drug levels
The coating and modulation of CD3 on circulating CD4+ and CD8+ T cells and serum levels of teplizumab were measured in flow cytometric studies as described [13] . The absolute CD4+ and CD8+ cell counts were determined by multiplying the frequency of CD4+ and CD8+ T cells by flow analysis by the absolute lymphocyte count. The results are expressed relative to the baseline value.
TREC analysis
We measured the copy number of TRECs, relative to genomic DNA in CD4+ and CD8+ T cells isolated from frozen peripheral blood mononuclear cells (PBMC). CD4+ and CD8+ T cell subpopulations were magnetically sorted using Miltenyi beads for negative selection (Miltenyi, Auburn, CA). DNA was extracted using Qiagen QiaAmp DNA extraction protocol (Qiagen, Valencia, CA). Real time PCR was used to determine TREC and genomic actin copy number in duplicate standards, control negative and positive DNA samples and test samples, with the modification that BSA 0.04% (molecular biology grade) was included in the PCR reaction [14] . Quantitation of genomic DNA copy number was considered to be twice the nucleated cell number in each sample; results are expressed as TRECs per million cells in each DNA sample analyzed.
Statistical analysis
The data are presented as mean ± SEM unless indicated. All statistical analyses were conducted using SAS ® (SAS Institute, Version 8.2, Cary, NC). The total C-peptide AUC was calculated using the trapezoidal rule over the 4-hour period. The total AUC and mean AUC/min were modified by dividing the above AUC results by the total time of 240 min ⁎ 0.333 to convert from ng/mL to nmol/L. The predefined outcome variable in the original trial design was a comparison of the change in C-peptide responses in the two groups at 24 months. In addition to this primary analysis, a mixed effects model was used to determine the difference in slopes between treatment groups for mean C-peptide AUC and daily insulin use from baseline up to month 24. The mixed effects models include the following explanatory variables: treatment, time as continuous variable, time squared (because the trend of the change was not linear) treatment by time interaction, and treatment by time squared interaction. Log (AUC + 1) was used as outcome variables for mean C-peptide AUC while the actual values are used for insulin use and HbA1c. A p-value of less than 0.05 is considered significant.
Because the baseline C-peptide and hemoglobin A1c values and ages of the drug-treated participants differed from those of the controls, we also compared the responses in the drug-treated group to matched control subjects selected from our previous study by an external statistical group (PPD) [1] . These 12 controls were selected on the basis of age and baseline C-peptide levels that were similar to those of subjects in the drug-treated group. Two of the drugtreated participants had ages that could be matched to the control group, but baseline C-peptide responses that could not. Statistical analyses were performed using SAS (Version 8.2 or higher, SAS Institute, Cary, NC). We also compared the effects of treatment on the initial change in AUC from this study to that observed in our previous trial [1] . We used a linear mixed model in the xtmixed function in STATA 10 (Stata Corp, College Station, TX).
Results
Study enrollment, safety, and adverse events
Ten subjects were enrolled in the protocol: 6 were randomized to drug treatment and 4 to the control group (Table 1) . The subjects were enrolled on average within 1 month of diagnosis (range 19-54 days). None had a history of ketoacidosis. Subjects randomized to the drug treatment group completed a 12 day course of teplizumab. All of them experienced a mild to moderate transient cytokine release syndrome which occurred earlier during the infusion course and involved higher grade AEs than had been seen previously (Table 2) . A total of 202 AEs were reported over the 24 month follow up period in the drug-treated compared to 50 in the control group. Of the 202, 67% were judged to be related to the use of the study drug. All drug-treated subjects had Grade 2 or 3 lymphopenia during treatment. The majority (72%) of the events were mild (Grade 1), 24% were moderate (Grade 2), and 4% were severe (Grade 3). There were a total of 7 serious AEs reported by 3 participants, 2 in the drug-treated and 1 in the control group. One drug-treated subject had a prolonged grade 3 CD4 cytopenia, which was downgraded to moderate after 4 months and resolved after 27 months. After 24 months, 6 additional AEs were reported in the drug-treated group: there was no follow up of the control group.
In our previous study, only 1/16 (6%) of the AEs, associated with the drug infusion, were grade 2 or above. The finding of additional and higher grade AE's prompted the investigators to curtail enrollment and not to administer the second course of drug treatment as originally planned. An extensive analysis of the drug product and the method of administration indicated that the dose administered may have been 40% greater than the dose used previously based on the protein concentration of the drug product that was administered. No other differences in the product or its administration were identified.
Drug levels and coating and modulation of CD3 on circulating T cells
The trough drug levels were measured for 4 days beginning on day 8 of the 14 day treatment protocol ( Table 3) . The average drug level was significantly greater than the level that had been measured during the same study days in the previous study (n = 35, p b 0.0001) [1] . The coating and modulation of CD3 molecules on CD4+ and CD8+ T cells were also higher on CD4+ and CD8+ T cells in this study compared to the previous trial (p b 0.0001, Table 3 ).
Cell counts and TREC analysis of T cell subsets
In subjects receiving anti-CD3 mAb, there was a reduction in the number of circulating lymphocytes. On day 3, the day following the first full dose of drug, absolute lymphocyte count was, on average, 24 ± 8.4% of the baseline value (Fig.  1A) . The number of circulating lymphocytes increased even while the drug was administered so that by day 30, two weeks after the last dose of the drug, the absolute lymphocyte count was 101 ± 33% of the baseline level. The nadir level of CD4+ Tcells was significantly lower than CD8+ T cells (p b 0.01) but the recovery of CD4+ and CD8+ T cells was similar (Fig. 1B) .
To determine the mechanisms of changes in T cells, we measured the number of TRECs relative to genomic DNA in CD4+ and CD8+ T cells before and after treatment with the mAb to determine whether the recovering cells had characteristics of recent thymic emigrants. We did not find a significant increase in the levels of TRECs (Figs. 1B and C) even though there had been profound changes in the number of lymphocytes found in the peripheral circulation over the same period of time (Fig. 1A) .
Effects of drug treatment on C-peptide responses and insulin use
The control and drug-treated subjects were followed for 24 months to assess safety and the effect of the drug administration on C-peptide responses ( Fig. 2A) . At 12 months, the C-peptide responses increased in the drug-treated group (from 0.877 ± 0.182 to 0.894 ± 0.245) and fell in the control group (from 0.406± 0.119 to 0.189 ± 0.119 nmol/L) but the difference between the groups was not statistically significant (p = 0.2). There was not a significant difference in the absolute levels of C-peptide at 24 months between the groups when adjusted for baseline. However, the rate of fall of C-peptide responses was half in the drug-treated group (−0.008 nmol/L/ month) compared to the control group (−0.016 nmol/L/ month) (p = 0.1). Likewise, there was a trend for more of the control subjects (2/4) to reach undetectable C-peptide levels compared to the drug-treated subjects (0/6) (p =0.06), but the control subjects started with a lower C-peptide level (Table 1) .
There was a trend toward lower insulin usage in the drugtreated group at both 12 months (0.33 ± 0.08 U/kg vs 0.62 ± 0.16 U/kg, p = 0.11) and 24 months (0.45 ± 0.11 U/kg vs 0.68 ± 0.055 U/kg, p = 0.16). In a mixed effects model, there was a significant effect of drug treatment on insulin use (difference in slope = 0.017 U/kg/month, p b 0.001, Fig. 2C ). When data from all of the time points were combined, there was a significant negative correlation between the C-peptide AUC and insulin use (Fig. 3, r = − 0.53, p b 0.0001) .The glucose control, reflected by hemoglobin A1c, was not significantly different between the groups at the specified time points.
Extended follow up
Four of the 6 drug-treated subjects (ages 17, 11, 20, and 18 years) were followed after the originally scheduled 24-month follow up, for up to 5 years, to evaluate the effects of the single course of antibody treatment on C-peptide responses over time (Fig. 2B) . Three of the 4 subjects showed some increase in C-peptide response beyond month 24. All of the subjects had detectable C-peptide responses at month 42 (n =4) and at month 60 (n = 3). The average loss of C-peptide at 42 months was 42 ± 12% of the baseline response (n =4) and at month 60, 63 ± 8% (n = 3) of the baseline response. The average slope describing the change in C-peptide over time after 24 months was −0.0016 ± 0.0019 nmol/L/min/month. At 42 months the subjects (n = 4) were taking an average of 0.48 ± 0.19 U/kg of insulin/day.
Ad hoc analysis
Because of the small size of the enrolled control group and the significant differences in age (p = 0.04) and baseline Cpeptide responses (p = 0.07), we also performed an ad hoc analysis of the outcomes in the drug-treated group using a matched control group from our previous study (Table 1 ) [1] . The 12 control subjects were selected by independent statisticians on the basis of baseline C-peptide and age. However, two of the drug-treated subjects had high baseline C-peptide responses (1.56 and 1.29 nmol/L) which exceeded the range of the baseline C-peptide responses in the previous control group and were therefore matched for age only. When the responses over 24 months in the drug-treated group were compared to the control group in the ad hoc analysis, there was a lower decline in C-peptide responses. This difference between groups was statistically significant using a mixed effects model (p = 0.008). At 6 months, the average C-peptide response in the drug-treated group increased by 0.081 ± 0.08 but decreased in the control group by 0.14 ± 0.04 (p = 0.04, adjusted for baseline), and at 12 months increased by 0.017 ± 0.245 in the drug treatment group but decreased in the control group by 0.238 ± 0.07, but the difference was not statistically significant (p = 0.1). The difference between the groups was sustained at 18 months (p b 0.05), but tended to decline at 24 months (p = 0.12).
The insulin use by the drug-treated group was significantly less in the mixed effects model analysis (p = 0.035). At 24 months, the drug-treated group was taking an average of 0.45 ± 0.11U/kg (an increase of 0.07 ± 0.12 U/kg from Figure 1 Effects of teplizumab on circulating T cells: (A) Changes in the absolute lymphocyte count in the peripheral blood during treatment with teplizumab. The number of circulating lymphocytes was calculated from the CBC and differential in subjects in the drug treatment group. The nadir lymphocyte count on day 2 was 24.4 ± 8.4% of the baseline count. Note that the scale on the X axis is logarithmic. The absolute lymphocyte counts in the control subjects were 94% of the baseline value at month 6 (not shown). baseline) compared to 0.79 ± 0.1 U/kg in the control group (p = 0.03). The glucose control, reflected by hemoglobin A1c levels was similar in both groups (p = 0.273). At 12 and 24 months, the hemoglobin A1c levels in the drug and control groups were 6.78 ± 0.48% and 7.21 ± 0.32% and 8.42 ± 0.76% and 8.05 ± 0.48% respectively.
We also compared the results from this study to the prior experience in the phase 1/2 study with this agent to determine if the response to treatment in the two groups was similar, and whether the increased drug dose in this study had any impact on efficacy relative to the previously reported results [1, 2] . This analysis was divided into effects on initial AUC stabilization or increase in the first 6 months following drug therapy, and then the subsequent rate of decline in AUC thereafter. This analysis failed to show a statistical difference in C-peptide responses over both of these time intervals (p = 0.55).
Discussion
Previous studies have shown that a single course of FcR nonbinding anti-CD3 mAbs can attenuate the loss of insulin production. In this study, we did not find a statistically significant improvement in C-peptide responses and the responses after 24 months were not different. This result is most likely due to the small number of subjects, in this trial that created an imbalance of baseline C-peptide values (e.g. higher values in the drug-treated group). In addition, the repeated dosing of the drug, as was originally intended, was not given. Nonetheless, data from the earlier time points suggest a trend for improved C-peptide responses and the ad hoc analysis using partially matched controls is consistent with the previous findings. Moreover, when subjects were followed for a longer period of time, we found persistent Cpeptide responses. Insulin use was significantly reduced in the primary and ad hoc analysis. In addition, we found a significant inverse correlation between C-peptide responses and insulin requirements suggesting that insulin use may be a useful parameter for evaluating residual C-peptide responses. The baseline C-peptide AUC did predict the Cpeptide AUC in follow up but not predict response to drug therapy in this study or in our earlier trial [2] . However, the sample size may be too small to detect a relationship between the baseline response and the effects of treatment.
Our experience herein suggests that AEs with modified anti-CD3 mAbs may be dose-related. Compared to our previous study, we found higher coating and modulation of CD3 on peripheral T cells, and higher trough drug levels, and the AEs were more frequent, of higher grade, and occurred at an earlier time point in this treatment course. Despite the increased rate and severity of AEs, there was no evidence for improved efficacy based on C-peptide responses. Using our prior criteria for a clinical response (i.e. a b7.5% decrease in C-peptide response), the response rate at 1 year was not improved with the higher dose of drug (3/6) compared to responses with a lower dose (15/21) . Even the improvement in C-peptide responses in the first 6 months after drug treatment was not greater. However, a larger number of subjects are needed to definitively establish the relationship between drug dose and clinical efficacy as well as the long term preservation of C-peptide responses, a possibility raised by the plateau of C-peptide AUC during longer term follow up as shown in Fig. 2B .
The mechanism(s) of action of FcR non-binding anti-CD3 mAb remains unknown. Although initial studies with OKT3 and even FcR non-binding anti-CD3 mAbs suggested that anti-CD3 mAbs deplete effector T cells, other preclinical studies and human data were not consistent with this mechanism [7, 8, 15, 16] . In murine studies with thymectomized mice Hirsch et al. suggested that depletion was not the mechanism by which the mAb induced immunosuppression, and that TCR modulation was associated with disappearance of T cells from the circulation [7] . Indeed, in our clinical study, the appearance of lymphocytes in the periphery coincided with reduced levels of coating and modulation of the TCR. The coating of CD3 fell from a peak of 76% and 75% on CD4 and CD8+ T cells to 13% and 31% by day 30, when T cells reappeared in the circulation. The levels of TRECs, a reflection of new thymic emigrants, in the circulating cells were constant after mAb treatment at the time when the cell counts recovered. Moreover, in a previous study, we did not find an increase in the proportion of CD45RA+ cells after recovery of circulating T cells (60.5 ± 8.8%) compared to before treatment with anti-CD3 mAb (79.1 ± 4.5%, n = 7). However, the interpretation of the TREC analysis has certain limitations. For example, homeostatic proliferation of new thymic emigrants possibly after deletion of lymphocytes could have resulted in a rapid decline in TREC levels even though thymic output had increased [10, 17] . Nonetheless, the kinetics of return of circulating lymphocytes was too rapid (2 weeks) to be explained by thymic output, because it has been shown that the absolute production rate of newly divided CD4+ T cells is 10.4 ± 6.5 cells/μl/day and of CD8+ cells 5.9 ± 7.6 cells/μl/ day [18] . Depending on the extent of depletion in the secondary lymphoid organs and sites, it would take several months to recover peripheral lymphocytes if new thymic cells were the primary source of new cells. These findings are consistent with the margination or trafficking of T cells after treatment with teplizumab. However, it is also possible that both mechanisms (i.e. recovery from marginated cells and homeostatic proliferation of new thymic emigrants) are operative.
Preclinical studies suggested that the non-FcR binding anti-CD3 mAb may induce regulatory T cells [5] . We had previously reported that there was an increased proportion of CD8+ T cells following treatment with anti-CD3 mAb and increased expression of Foxp3 in CD8+ T cells. We found, in this trial, a relatively greater proportion of CD8+ T cells during drug administration but did not find a difference in recovery of cells at day 90 unlike our previous studies [19] . Further studies will be needed to evaluate the functional changes in the CD8+ subpopulation after mAb treatment.
The duration of the effects on C-peptide responses with mAb treatment is of primary importance for any immune therapy of T1DM. In an extended follow up of the drugtreated subjects we found detectable insulin production in drug-treated subjects followed for up to 60 months with an increase in insulin production over time in 3/4 subjects followed beyond month 24. In addition, the insulin use 3 1/ 2 years after diagnosis was, on average, less than 0.5 U/kg which has been used by some investigators to characterize the "honeymoon" period [20] . Because our sample size is small, we cannot determine whether the persistence of Cpeptide responses was significantly different from what might occur in non-treated subjects with T1DM of similar duration. Of note, in the DCCT, only 3% and 8% of subjects b 18 years and N18 years respectively had detectable Cpeptide levels after 5 years of T1DM: whereas in a more recent analysis, N 85% of subjects with T1DM duration up to 4 years had detectable C-peptide. However these studies were cross-sectional and did not evaluate changes in insulin production over time [21, 22] .
In summary, this study supports previous investigations showing that treatment of patients with new onset T1DM with a brief course of teplizumab results in a reduced rate of decline in insulin production and a decrease in insulin requirements for more than 2 years after diagnosis. The rapid return of circulating T cells and the absence of increased levels of TRECs suggests that the drug affects lymphocyte trafficking rather than causes depletion. A higher dose of drug, approximately 40% higher than the dose used previously, resulted in increased AEs. However, the relationship between dose of anti-CD3 mAb and the duration of response merits further investigation.
